Inkjet printing is an excellent printing technique and an attractive alternative to conventional technologies for the production of flexible, low-cost microelectronic devices. Among many parameters that have a significant impact on the correctness of the printing process, the most important is ink viscosity. During the printing process, the ink is influenced by different strains and forces, which significantly change the printing results. The authors present a model and calculations referring to the shear rate of ink in an inkjet printer nozzle. Supporting experiments were conducted, proving the model assumptions for two different ink formulations: initial ink and with the addition of a dispersing agent. The most important findings are summarized by the process window regime of parameters, which is much broader for the inks with a dispersing agent. Such inks exhibit preferable viscosity, better print-ability, and higher path quality with lower resistivity. Presented results allow stating that proper, stable graphene inks adjusted for inkjet technique rheology must contain modifiers such as dispersing agents to be effectively printed.
Introduction
Inkjet printing is one of the most promising technologies and an attractive alternative to conventional technologies for the production of electronic devices [1] [2] [3] . Due to the large numbers of advantages such as possibility of direct and noncontact printing on various substrates, the simplicity of use in mass production and its low cost [1, 2] , it shows a wide range of potential applications, not only in electronics but also in medicine [4, 5] or the textile industry [6, 7] .
The most important component of the inkjet ink, affecting of its physical properties, is a functional phase. In the production of conductive inks metal nanoparticles and carbon-based materials such as carbon nanotubes or graphene are commonly used. Graphene is a carbon nanoform which enjoys in recent times an enormous popularity. This material exhibits unique, remarkable electronic and mechanical properties and can be used in a variety of applications [1, 8] . Accordingly, research related to the heterophasic inks based on various forms of graphene is widely described in the literature. The vast majority of research focuses on the more easily dispersible, but nonconductive material-graphene oxide (GO) and its chemical derivatives, such as reduced graphene oxide (rGO) [1, [9] [10] [11] [12] [13] [14] . However, presumably through substantial difficulties in its dispersion in solvents, properties of graphene nanoflakes (GNP) have not yet been thoroughly tested for inkjet inks. Only individual researchers The inks were formulated using a base mixture of glycol and ethyl alcohol (50:50 wt % ratio). GNPs were added (0.5 wt %) to the base solution and sonicated for 2 h using the ultrasonic bath from InterSonic Company, model IS-1K, Olsztyn, Poland. The aim was to break agglomerates and obtain a uniform dispersion of nanoparticles. To increase the effect, before the sonication of the second ink, we have mixed GNPs with a very small amount (1 wt %) of commercial polymer dispersing agent AKM-0531 from NOF Corporation, Tokyo, Japan. It is one of functional polymers that have polyoxyalkylene groups on side chain and ionic groups on main chain dispersant both for inorganic and organic powders.
Rheology Measurements and Printing Process
Viscosity measurements of prepared inks were measured on BROOKFIELD DV2T cone-plate viscometer (Middleboro, MA, USA), with CP-40 cone and were conducted in a temperature range from 15 to 45 °C, controlled using the Polyscience Ultrathermostat. The Rheocalc T program measured the viscosity at different totation speeds: from 0.5 to 60 rpm. Each point was measured within 5 s.
Printing process was performed with use of custom piezoelectric inkjet printer with MD-K-130 printhead from Micro Drop (Norderstedt, Germany) with single 50 µ m nozzle. The pulse length was tested in the range 30-360 µ s. The graphene inks were printed on 100 µ m thick Polyethylene terephthalate (PET) foil from DuPont. During the printing process, this substrate was placed on a table heated to 50 °C.
Results and Discussion

Calculation of the Shear Rate Acting on the Ink Inside the Nozzle
Our calculations, based on the assumptions outlined below, were made to estimate the minimum value of shear rate for ejected fluid inside the nozzle. This is of great importance when analyzing viscosity values on the viscosity curve. The velocity distribution inside the nozzle has a triangle shape approximation with zero at the nozzle's walls, rising linearly and reaching the maximum at the orifice, as shown in Figure 2 . Triangular speed profile allows to state single mean shear rate for the whole fluid volume, that could not be done using sophisticated parabolic speed profile. The inks were formulated using a base mixture of glycol and ethyl alcohol (50:50 wt % ratio). GNPs were added (0.5 wt %) to the base solution and sonicated for 2 h using the ultrasonic bath from InterSonic Company, model IS-1K, Olsztyn, Poland. The aim was to break agglomerates and obtain a uniform dispersion of nanoparticles. To increase the effect, before the sonication of the second ink, we have mixed GNPs with a very small amount (1 wt %) of commercial polymer dispersing agent AKM-0531 from NOF Corporation, Tokyo, Japan. It is one of functional polymers that have polyoxyalkylene groups on side chain and ionic groups on main chain dispersant both for inorganic and organic powders.
Rheology Measurements and Printing Process
Viscosity measurements of prepared inks were measured on BROOKFIELD DV2T cone-plate viscometer (Middleboro, MA, USA), with CP-40 cone and were conducted in a temperature range from 15 to 45 • C, controlled using the Polyscience Ultrathermostat. The Rheocalc T program measured the viscosity at different totation speeds: from 0.5 to 60 rpm. Each point was measured within 5 s.
Printing process was performed with use of custom piezoelectric inkjet printer with MD-K-130 printhead from Micro Drop (Norderstedt, Germany) with single 50 µm nozzle. The pulse length was tested in the range 30-360 µs. The graphene inks were printed on 100 µm thick Polyethylene terephthalate (PET) foil from DuPont. During the printing process, this substrate was placed on a table heated to 50 • C.
Results and Discussion
Calculation of the Shear Rate Acting on the Ink Inside the Nozzle
Our calculations, based on the assumptions outlined below, were made to estimate the minimum value of shear rate for ejected fluid inside the nozzle. This is of great importance when analyzing viscosity values on the viscosity curve. The velocity distribution inside the nozzle has a triangle shape approximation with zero at the nozzle's walls, rising linearly and reaching the maximum at the orifice, as shown in Figure 2 . Triangular speed profile allows to state single mean shear rate for the whole fluid volume, that could not be done using sophisticated parabolic speed profile. Assuming that the inkjet nozzle is a cylindrical shape, the cross-sectional area is denoted by the Equation (1) and the perimeter for given radius r-the Equation (2). While using the formula for shear rate according to the Couette flow (3) the velocity of ink on a given radius can be calculated. Therefore, a value of the mean velocity of the fluid at the cross-sectional area of a cylindrical nozzle can be calculated (4) . Moreover, due to energy loss during segmentation of a fluid stream into a droplet, the velocity of the ejected droplet VDROP cannot be higher than the mean velocity of the fluid inside the nozzle VMEAN (5).
where: VMAX-maximum velocity at the center of the nozzle, d-nozzle diameter, S-nozzle crosssectional area, δS(r)-perimeter for given radius r, V(r)-velocity of the point for given radius, VMEAN-mean velocity of the fluid at cross-sectional area, VDROP-droplet velocity, γ-shear rate.
Value of the VDROP should not be lower than 5 m/s [32, 33] and the diameter of the nozzle used in this research is d = 50 µ m, what gives us calculated shear rate γ greater than or equal 6 × 10 5 1 , according to the Equation (6) . This value is consistent with the publications [2, 30, 31] reporting that shear rates during inkjet printing should be close to the order of 10 5 1 . This very high value often exceeds the measurement capabilities of a regular viscometer. However, in case of shear thinning fluids, viscosity value can be read for the last measured point, for shear rates in which the viscosity value has already stabilized. Assuming that the inkjet nozzle is a cylindrical shape, the cross-sectional area is denoted by the Equation (1) and the perimeter for given radius r-the Equation (2). While using the formula for shear rate according to the Couette flow (3) the velocity of ink on a given radius can be calculated. Therefore, a value of the mean velocity of the fluid at the cross-sectional area of a cylindrical nozzle can be calculated (4). Moreover, due to energy loss during segmentation of a fluid stream into a droplet, the velocity of the ejected droplet V DROP cannot be higher than the mean velocity of the fluid inside the nozzle V MEAN (5).
where: V MAX -maximum velocity at the center of the nozzle, d-nozzle diameter, S-nozzle cross-sectional area, δS(r)-perimeter for given radius r, V(r)-velocity of the point for given radius, V MEAN -mean velocity of the fluid at cross-sectional area, V DROP -droplet velocity, γ-shear rate.
Value of the V DROP should not be lower than 5 m/s [32, 33] and the diameter of the nozzle used in this research is d = 50 µm, what gives us calculated shear rate γ greater than or equal 6 × 10 5 1 s , according to the Equation (6). This value is consistent with the publications [2, 30, 31] reporting that shear rates during inkjet printing should be close to the order of 10 5 1 s . This very high value often exceeds the measurement capabilities of a regular viscometer. However, in case of shear thinning fluids, viscosity value can be read for the last measured point, for shear rates in which the viscosity value has already stabilized.
The Viscosity of Inks
Numerous parameters affect the viscosity, which is one of the critical properties of printing inks [2] and the temperature is here of great importance-viscosity value decreases when the temperature 
Numerous parameters affect the viscosity, which is one of the critical properties of printing inks [2] and the temperature is here of great importance-viscosity value decreases when the temperature increases. Often heated ink container prevents from clogging the nozzle during printing of higher viscosity inks, lowering their viscosity. To test the temperature dependency of the ink viscosity we have conducted rheological measurements in various temperatures, from 15 to 45 °C, with results presented in Figures 3 and 4 (inks viscosity curves-viscosities values as a function of shear rate). For both inks, the viscosity decreased with increasing shear rate, showing typical pseudoplastic (shear-thinning) fluid behavior. It is characterized by decrease in the viscosity for shear rate within a range of 0-100 s −1 [2] . For higher shear rates value, viscosity is stable. According to assumptions, temperature increase also resulted in a decrease of the viscosity. The ink viscosity values at 25 °C were approximately 10 and 7.5 mPas. Shi et al. [9] state that "ideal ink for inkjet printing is required to have a viscosity between 1 and 20 mPas" and Li et al. [15] specify that inkjet printing typically requires an ink viscosity of approximately 10 mPas. Therefore, we can say that the viscosity of our inks meets the requirements of inkjet printing technique. The viscosity values in a wide range of temperatures are presented in Table 1 . 
Numerous parameters affect the viscosity, which is one of the critical properties of printing inks [2] and the temperature is here of great importance-viscosity value decreases when the temperature increases. Often heated ink container prevents from clogging the nozzle during printing of higher viscosity inks, lowering their viscosity. To test the temperature dependency of the ink viscosity we have conducted rheological measurements in various temperatures, from 15 to 45 °C, with results presented in Figures 3 and 4 (inks viscosity curves-viscosities values as a function of shear rate). For both inks, the viscosity decreased with increasing shear rate, showing typical pseudoplastic (shear-thinning) fluid behavior. It is characterized by decrease in the viscosity for shear rate within a range of 0-100 s −1 [2] . For higher shear rates value, viscosity is stable. According to assumptions, temperature increase also resulted in a decrease of the viscosity. The ink viscosity values at 25 °C were approximately 10 and 7.5 mPas. Shi et al. [9] state that "ideal ink for inkjet printing is required to have a viscosity between 1 and 20 mPas" and Li et al. [15] specify that inkjet printing typically requires an ink viscosity of approximately 10 mPas. Therefore, we can say that the viscosity of our inks meets the requirements of inkjet printing technique. The viscosity values in a wide range of temperatures are presented in Table 1 . For both inks, the viscosity decreased with increasing shear rate, showing typical pseudoplastic (shear-thinning) fluid behavior. It is characterized by decrease in the viscosity for shear rate within a range of 0-100 s −1 [2] . For higher shear rates value, viscosity is stable. According to assumptions, temperature increase also resulted in a decrease of the viscosity. The ink viscosity values at 25 • C were approximately 10 and 7.5 mPas. Shi et al. [9] state that "ideal ink for inkjet printing is required to have a viscosity between 1 and 20 mPas" and Li et al. [15] specify that inkjet printing typically requires an ink viscosity of approximately 10 mPas. Therefore, we can say that the viscosity of our inks meets the requirements of inkjet printing technique. The viscosity values in a wide range of temperatures are presented in Table 1 . The viscosity of the ink containing the dispersing agent (GNP2) for all temperatures was lower than for the ink without dispersing agent (GNP1). This results are caused by better dispersion of graphene nanoparticles thanks to the addition of a dispersing agent and resulted in better printability. Changes in viscosity corresponding to changes in temperature for both inks were comparable.
One of the models describing the viscosity curves of generalized Newtonian liquids in shear flow is the Carreau Model (8) [1] . It describes the behavior of fluids exhibiting shear thinning behavior. In the low shear range the liquid acts as a Newtonian fluid, while at high-thinning properties are determined by the Power Law rule, with the coefficient of dilution expressed in the viscosity loss multiplicities per shear rate increase [1] [2] [3] .
where: µ ∞ -viscosity at infinite shear rate, µ 0 -viscosity at zero shear rate, χ-relaxation time, n-power index The Carreau Model was fitted to the viscosity curves obtained at 25 • C temperature. The results are presented in Figure 5 . The viscosity of the ink containing the dispersing agent (GNP2) for all temperatures was lower than for the ink without dispersing agent (GNP1). This results are caused by better dispersion of graphene nanoparticles thanks to the addition of a dispersing agent and resulted in better printability. Changes in viscosity corresponding to changes in temperature for both inks were comparable.
where: µ∞-viscosity at infinite shear rate, µ0-viscosity at zero shear rate, χ-relaxation time, npower index
The Carreau Model was fitted to the viscosity curves obtained at 25 °C temperature. The results are presented in Figure 5 . Matching the model to the viscosity curve of the ink without a dispersing agent confirms the correct adaptation of the used method and allows to characterize the ink as shear thinning liquid. In second case, the fit of the curve characterizing the viscosity of the ink with the dispersing agent is less accurate, especially at low shear rates. However, the model is well-suited in the area of high stresses, occurring in droplet formation regime.
Calculation of the Temperature Dependence of Inks Viscosity Parameters
A thermodynamic model and research on the dependence of enthalpy and viscosity of liquid mixtures are fundamental for the understanding of different types of intermolecular interactions in these mixtures [34] . Temperature dependence of inkjet inks viscosity can be described by the Arrhenius model equation: Matching the model to the viscosity curve of the ink without a dispersing agent confirms the correct adaptation of the used method and allows to characterize the ink as shear thinning liquid. In second case, the fit of the curve characterizing the viscosity of the ink with the dispersing agent is less accurate, especially at low shear rates. However, the model is well-suited in the area of high stresses, occurring in droplet formation regime.
A thermodynamic model and research on the dependence of enthalpy and viscosity of liquid mixtures are fundamental for the understanding of different types of intermolecular interactions in Nanomaterials 2018, 8, 602 7 of 11 these mixtures [34] . Temperature dependence of inkjet inks viscosity can be described by the Arrhenius model equation:
where: η-ink viscosity, η 0 -coefficient characteristic for the liquid, E-activation energy, R-universal gas constant, T-temperature.
We have determined the two parameters of the temperature dependence of viscosity: activation energy E and special coefficient characteristic for the liquid η 0 using transformed Equation (9) . The new Formula (10) and following graph, presented in Figure 6 , show the viscosity as a linear Function (11) of the reciprocal of temperature. 
where: η-ink viscosity, η0-coefficient characteristic for the liquid, E-activation energy, Runiversal gas constant, T-temperature. We have determined the two parameters of the temperature dependence of viscosity: activation energy E and special coefficient characteristic for the liquid η0 using transformed Equation (9) . The new Formula (10) and following graph, presented in Figure 6 , show the viscosity as a linear Function (11) of the reciprocal of temperature. Using the least squares method for the inks viscosity values η at different temperatures T we have calculated the coefficients of the functions A and B, and next temperature parameters E and η0 (12) .
Activation energy E thus expresses the molar energy required to overcome the intermolecular forces that inhibit the shifting of the layers at the flow of liquid-the activation energy of the viscous flow [35] , which can be also related to the enthalpy of vaporization at the same pressure [34] . According to the assumption, the ink containing the dispersing agent (GNP2) has a lower activation energy-23.4 kJ/mol than the ink without a dispersing agent (GNP1)-25.5 kJ/mol. Consequently, we can state, that the cohesion of the ink GNP2 and the frequency of reactions between the ink molecules is lower than for ink GNP1. The ink with the lower value of activation energy should allow easier drops formation, without problems with detachment of the drops and satellites creating.
Influence of Pulse Length on Drop Formation
Printability of our inks was estimated basis on the width of process window-the range of pulse parameters, in which the correct droplet could be formulated.
Inks droplet diameters were measured for the control pulse length from 30 to 360 µ s. From the Figure 7 , we see that in the range 30-150 µs GNP2 droplets were larger than droplets of GNP1 and, on the contrary, under 150 µs they were smaller. In the central region of pulse range droplet diameters were 15-18 μm for GNP2 and 13-21 μm for GNP1. However, the single droplet with a repetitive, stable diameter was observed only in the area restricted by the optimal parameter region (process 
Using the least squares method for the inks viscosity values η at different temperatures T we have calculated the coefficients of the functions A and B, and next temperature parameters E and η 0 (12). Activation energy E thus expresses the molar energy required to overcome the intermolecular forces that inhibit the shifting of the layers at the flow of liquid-the activation energy of the viscous flow [35] , which can be also related to the enthalpy of vaporization at the same pressure [34] . According to the assumption, the ink containing the dispersing agent (GNP2) has a lower activation energy-23.4 kJ/mol than the ink without a dispersing agent (GNP1)-25.5 kJ/mol. Consequently, we can state, that the cohesion of the ink GNP2 and the frequency of reactions between the ink molecules is lower than for ink GNP1. The ink with the lower value of activation energy should allow easier drops formation, without problems with detachment of the drops and satellites creating.
Inks droplet diameters were measured for the control pulse length from 30 to 360 µs. From the Figure 7 , we see that in the range 30-150 µs GNP2 droplets were larger than droplets of GNP1 and, on the contrary, under 150 µs they were smaller. In the central region of pulse range droplet diameters were 15-18 µm for GNP2 and 13-21 µm for GNP1. However, the single droplet with a repetitive, stable diameter was observed only in the area restricted by the optimal parameter region (process window) marked in Figure 6 . A lower value of the pulse length resulted in the lack of the possibility of forming a drop or with aerosol instead of a drop. Higher value resulted in a constant flow of the ink. The window of recommended pulse length for the inks with dispersing agent was much wider than for the inks without dispersing agent. For the GNP1 ink, it was 115-220 µs and for GNP2-75-255 µs.
window) marked in Figure 6 . A lower value of the pulse length resulted in the lack of the possibility of forming a drop or with aerosol instead of a drop. Higher value resulted in a constant flow of the ink. The window of recommended pulse length for the inks with dispersing agent was much wider than for the inks without dispersing agent. For the GNP1 ink, it was 115-220 µs and for GNP2-75-255 µs. As observed, the ink containing a viscosity modifier allows for wider range of printing parameters.
Printing Paths
We can clearly observe the differences between the quality of patterns obtained using the nondispersant ink (Figure 8a,b ) and the ink with dispersing agent, on the favor of the modified ink (Figure 8c,d) .
(a) (b) Figure 7 . Diameter of inks droplets depending on the length of the pulse along with the selected technological window.
As observed, the ink containing a viscosity modifier allows for wider range of printing parameters.
We can clearly observe the differences between the quality of patterns obtained using the non-dispersant ink (Figure 8a,b ) and the ink with dispersing agent, on the favor of the modified ink (Figure 8c,d) .
We can clearly observe the differences between the quality of patterns obtained using the nondispersant ink (Figure 8a,b ) and the ink with dispersing agent, on the favor of the modified ink (Figure 8c,d) . 
Conclusions
In summary, we have investigated the relationship between inkjet inks printability and rheological properties. It was found that the calculated minimal shear rate for the ink inside the printing nozzle during ejection has a very high value of more than 6 × 10 5 1 . Two different graphene inks dedicate to inkjet printing technology were tested: base and modified with the dispersing agent. According to the presented calculations of the temperature influence on the viscosity, for both tested graphene inks viscosity decreased with increasing temperature with the same trend for both inks. Moreover, the viscosity value of the ink with dispersing agent is lower than for the ink without them. Viscosity value of the formulating inks was about 10 mPas, simultaneously meeting the requirements of inkjet printing technique. The process window for the ink with dispersing agent was much wider for ink than without them, which means the ink was more effective to print. The cause of this effect was not only lower viscosity but also the distinctly better dispersion of graphene nanoparticles in the ink. Moreover, paths produced using this ink has better quality and conductivity; they attain a sheet resistivity around 90
The graphene ink described in the article has already been used, among others, in the production of full inkjet printed microwave module. The obtained resistive divider was printed on a flexible, transparent Kapton foil, using graphene heterophase inks [31] .
The results indicate that rheological behavior and dispersion state of graphene inks used in inkjet printing significantly affects graphene inks printability and the quality of a produced pattern, and so it should be carefully controlled. Therefore, it can be stated that the surfactant is an absolutely necessary element of graphene inks to ensure stable suspension with adjusted for inkjet technique rheology and conductive paths. Patterns printed with graphene nondispersant ink have blurry edges. At the edges, instead of a uniform layer, single agglomerates of graphene flakes are visible. The resulting sample is non-homogeneous and exhibiting higher sheet resistivity of 125 kΩ . Due to better dispersion of GNPs and good rheology of second ink, no problems were observed with droplet formation during its ejection from the nozzle. The ink was properly distributed on the substrate and form a good quality pattern. This also led to an increase in the conductivity of the layer, reducing the resistance to 90 kΩ .
This is a very low value, in comparison to the results received by other researchers for GNP inkjet paths. Torrisi et al. [16] obtained paths with resistance about 500 kΩ on pristine glass. Obtained by us results of sheet resistivity are also more than two times better than received by Li et al. (15) , that printed paths on pristine glass and Kapton with sheet resistivity about 200 kΩ .
In summary, we have investigated the relationship between inkjet inks printability and rheological properties. It was found that the calculated minimal shear rate for the ink inside the printing nozzle during ejection has a very high value of more than 6 × 10 5 1 s . Two different graphene inks dedicate to inkjet printing technology were tested: base and modified with the dispersing agent. According to the presented calculations of the temperature influence on the viscosity, for both tested graphene inks viscosity decreased with increasing temperature with the same trend for both inks. Moreover, the viscosity value of the ink with dispersing agent is lower than for the ink without them. Viscosity value of the formulating inks was about 10 mPas, simultaneously meeting the requirements of inkjet printing technique. The process window for the ink with dispersing agent was much wider for ink than without them, which means the ink was more effective to print. The cause of this effect was not only lower viscosity but also the distinctly better dispersion of graphene nanoparticles in the ink. Moreover, paths produced using this ink has better quality and conductivity; they attain a sheet resistivity around 90 kΩ .
The results indicate that rheological behavior and dispersion state of graphene inks used in inkjet printing significantly affects graphene inks printability and the quality of a produced pattern, and so it should be carefully controlled. Therefore, it can be stated that the surfactant is an absolutely necessary element of graphene inks to ensure stable suspension with adjusted for inkjet technique rheology and conductive paths.
